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Abstract: The purpose of this study was to examine objective and subjective 
distortion present when frequency modulation (FM) systems were coupled with 
four digital signal processing (DSP) hearing aids. Electroacoustic analysis and 
subjective listening tests by experienced audiologists revealed that distortion 
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It is widely known that frequency modulation (FM) systems used in conjunction with 
hearing aids will improve the signal-to-noise ratio (SNR) in adverse listening situations (Lewis, 
Crandell, Valente & Horn, 2004; Gravel, Fausel, Liskow & Chobot, 1998). While the benefits of 
FM systems in adverse listening situations have been consistently documented, there is little 
research on the levels of distortion that can occur when FM systems are used with digital signal 
processing (DSP) hearing aids. Clinical reports from educational audiologists have also raised 
concern regarding levels of distortion or unwanted interference in DSP hearing aids connected to 
FM systems. DSP hearing aids were introduced into the market in 1996, and in 2005 it was 
reported that 90% of hearing aids dispensed were digital (Kochkin, 2005). DSP technology 
benefits hearing aids by allowing for increased processing speed and the application of logical 
and arithmetic operations. Clinicians and researchers have been concerned with the changes that 
occur in gain and frequency response when coupling a digital hearing aid with a personal FM 
system.  
In 2005, Bamford and colleagues suggested that DSP hearing aids may produce a low 
level of electromagnetic interference that could be amplified by an FM system (Bamford, Hostler 
& Pont, 2005). They used objective test measures and subjective listening tests to document 
interference with DSP hearing aids and FM systems. Objective measures were made with the 
hearing aid connected by a direct audio input (DAI) cord to an FM receiver inside an electrically 
screened chamber and interference was recorded as a radio frequency spectrum for each hearing 
aid. In addition, the investigators evaluated a hearing aid coupled to an MLX receiver that 
connects directly to the hearing aid. This type of coupling does not require the use of a DAI cord. 
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Because the DAI cord was used to measure interference, this system could not be evaluated 
objectively using the test protocol methods, but the subjective listening test still reported audible 
distortion. Results from this study demonstrated that low levels of electromagnetic energy 
generated in DSP hearing aids can interfere with the FM transmitting signal at different 
frequency channels and can affect the sound quality of the signal for the individual using the FM 
system (Bamford et al., 2005). Thibodeau and Saucedo (1991) demonstrated that the possibility 
of equipment malfunction increases when hearing aids and FM systems are used together simply 
because of the number of parts involved in the system. In addition to the variability that occurs 
when an FM system is coupled to a hearing aid, studies have shown that audiologists do not 
always objectively assess the performance of hearing aids (Fabry, 2003). When given the 
additional responsibility of verification of an FM system, without a commonly used procedure 
for verification, it is likely that audiologists are not regularly analyzing performance of FM 
systems.  
Background of FM systems 
A personal FM system consists of a transmitter which contains a microphone, and a 
receiver which connects to the hearing aid. FM systems can be operated in two modes, FM only 
and FM plus environmental microphone (FM+EM). For an FM only mode, the hearing aid 
microphone is turned off or significantly decreased. For an FM+EM mode, both hearing aid and 
FM microphones are active. While the FM only mode increases the signal-to-noise ratio (SNR) 
significantly, in most situations it is advantageous for both microphones to be active. For 
example, in a classroom setting, students need to hear the teacher’s voice at a level that is higher 
than the background noise. They must also be able hear themselves, to monitor their voice, and 
they must be able to hear their classmates and environmental information.   
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It is possible to switch between FM only and FM+EM settings on many FM systems and 
hearing aids. For hearing aids that utilize dedicated programmable audio input (DPAI) the FM 
setting can be changed by switching programs on the hearing aid. For hearing aids without DPAI 
features, the switch on the bottom of the receiver is used to change from FM only (one green dot) 
to FM + EM (two green dots) (Phonak, 2007).The most common method of coupling the hearing 
aid to the receiver is by use of an audio shoe which connects to the bottom of a behind-the-ear 
(BTE) hearing aid (Thibodeau, 2003). The receiver plugs into the shoe for use in the FM mode.  
Phonak FM systems in the United States operate on the N band which is allocated by the 
Federal Communications Commission (FCC) for assistive listening devices as to not interfere 
with other equipment operating on radio frequencies. The N band covers the bandwidth from 
216-217 mega-Hz (mHz).  Channel 1 operates at 216.015 mHz and channel 80, the highest 
channel offered by the manufacturer operates at 217.975 mHz. In order to avoid channel 
interference each channel must be separated by .2 mHz. When multiple children in one school 
are using FM systems, the receivers need to be set to different channels so that the signals do not 
interfere with one another. The manufacturer FM software specifies which channels would easily 
interact within close proximity of one another (Christine Jones, Phonak Pediatric Trainer, 
personal communication, February 13, 2007).  
Research has been done in order to standardize the electroacoustic measurements of FM 
systems (Auriemmo, Keenan, Passerieux, & Kuk, 2005; Lewis, Feigin, Karasek, & 
Stelmachowicz, 1991; Lewis, 2006; Phonak, 2006; Thibodeau & Saucedo, 1991). At this point, 
there is no ANSI standard for electroacoustic analysis of FM systems alone or coupled to a 
hearing aid. However, the American Speech and Hearing Association (ASHA) has published 
guidelines for use when fitting an FM system. These guidelines describe in detail the purpose 
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and function of an FM system. They also describe recommended protocol for electroacoustic 
measures of FM systems (ASHA, 2002). ASHA recommends using the following steps for 
measuring FM systems: 
Step 1: Measure the hearing aid microphone output with a 65 dB SPL input  
Step 2: Measure the FM microphone with a 65 dB SPL input and match the output of the 
FM microphone to that of the hearing aid microphone.  
Step 3: Measure FM output with an 80 dB SPL signal and look for a 10 dB SPL increase.  
If the 10 dB SPL increase is not met, or is exceeded by the FM output, ASHA makes 
recommendations for changing the volume of the FM system (ASHA, 2002). Lewis (2006) 
suggests that a revision is necessary for these guidelines based on the non-linear properties of 
DSP hearing aids. A 10 dB SPL input with a linear hearing aid will result in a 10 dB SPL output. 
For a non-linear hearing aid this may not be the case. Further protocol is also needed for 
measuring the quality of the signal produced by the FM and hearing aid microphone together. 
The authors mentioned above recommend that electroacoustic measurements be performed to 
assess the function of an FM system before it is dispensed to a patient (ASHA, 2002; Auriemmo 
et al., 2005; Lewis et al., 1991; Lewis, 2006; Phonak, 2006; Thibodeau & Saucedo, 1991.)  
Previously, aided soundfield thresholds and speech perception testing were used in 
verification of the FM fitting process. While these measures have merit, they also have 
limitations. Functional gain is not an accurate assessment of an FM system because the levels 
used can be quite low and do not represent the input to the FM system by a speaker’s voice. 
Speech perception testing is useful for assessing benefit from the FM system in a noisy situation, 





Total Harmonic Distortion 
The ANSI S3.22-2003 Specification of Hearing Aid Characteristics standard requires the 
measure of total harmonic distortion (THD) of a hearing aid (ANSI S3.22-2003). Harmonics are 
measured as a percentage of the input signal. The ANSI recommendations call for a level of less 
than 5-10% THD for hearing aids, based on manufacturer recommendations. The default 
frequencies where harmonic distortion is measured are 500, 800, and 1600 Hz, which are the 
same frequencies used for the high frequency average (HFA) measure (Frye, 2002).  
The research that has been done on harmonic distortion has historically sought to answer 
the question, does distortion interfere with speech intelligibility. Researchers have varying views 
on the relationship between THD and speech recognition. In 1971, Olsen ranked hearing aids 
based on the presence of their harmonic distortion, intermodulation distortion and noise 
distortion. When compared to mean speech discrimination scores by the hearing aid users, no 
relationship in the ranking of presence of distortion and speech discrimination scores was found 
(Olsen, 1971). In contrast to Olsen’s study, Jerger and colleagues (1966) concluded that 
performance scores on a speech intelligibility test were inversely proportional to the percent of 
THD in the hearing aids (Jerger, Speaks & Malmquist, 1966). Both Jerger and colleagues and 
Olson, performed their speech intelligibility tests in background noise, where harmonic 
distortion would have the greatest influence on speech perception. Regardless of the effect of 
THD on speech intelligibility, the ANSI standard states that the THD must be less than 
recommended by the manufacturer specifications which are most often less than 10%.  
When a hearing aid is coupled to an FM system there are no clear guidelines for an 
acceptable level of THD. There are varying results regarding levels of THD in hearing aids 
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coupled to FM systems. Thibodeau and Saucedo found THD values of 2% or less at 500, 800, 
and 1600 Hz (Thibodeau & Saucedo, 1991). Freeman and colleagues found that distortion levels 
did not vary based on the FM+EM setting (Freeman, Sinclair & Riggs, 1980). The type of input 
used to measure distortion has also varied across studies. In 1985, Hawkins and Schum used 
input levels of 75, 78, and 74 dB SPL at 500, 800, and 1600 Hz, respectively. These levels were 
used in order to approximate the long term levels of speech at these three frequencies. Results 
from this study revealed greater THD at 500 Hz in all test conditions (Hawkins & Schum, 1985). 
In 1991, Lewis and colleagues found that THD at 500 and 1000 Hz varied as a function of 
volume setting. Lewis explained that THD may also vary as an FM system is coupled with 
different hearing aids (Lewis, et al., 1991).  
PURPOSE 
The purpose of this study was twofold: 1) Measure levels of harmonic distortion in FM 
systems coupled with DSP hearing aids using ANSI standards developed for hearing aids 
2) Measure subjective levels of distortion using subjective rating scales and questionnaires. 
Audiologists and itinerant teachers of the deaf have received complaints from both students and 
teachers which include descriptions of distortion or unwanted noises when a listening check is 
performed on the FM system. Given that many young children fit with FM systems may not have 
the speech and language skills, or the user experience to reliably report on the sound quality of 
the FM system coupled to their hearing aids, a combination of objective measures and listening 
checks are necessary. THD levels were measured objectively, using the audioscan® Verifit 
system with four hearing aids commonly used by pediatric patients. 
A subjective listening test was performed by interviewing subjects regarding the presence 
of unwanted noise in each system. It was hypothesized that the objective level of harmonic 
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distortion would vary based on the following: 1) amount of gain and output, 2) FM setting (i.e. 
hearing aid only, FM only and FM+EM setting). It was hypothesized that the amount of 
perceived noise for the subjective listening test would vary depending on the frequency channel 
setting. The levels of THD as well as perceived levels of distortion present in DSP hearing aids 
and select FM systems across various transmitting channels were measured as part of this study.  




Testing was completed at the Central Institute for the Deaf in a quiet test room. All 
electroacoustic measures were performed on the audioscan® Verifit. The Phonak MicroLink FM 
system was used for this study. The receiver used for this study was the MicroMLxS, and the 
transmitter used was the Campus SX, operated in the omnidirectional mode. When attached to 
the audio shoe the receiver can be set to operate in the following modes: hearing aid only, FM 
only and FM+EM. Four different hearing aids from two different manufacturers were used for 
this study. The models chosen were all mutichannel, DSP hearing aids which are commonly used 
with the pediatric population. A power and non-power hearing aid of the same model were 
selected from each manufacturer. Hearing Aid 1 and 2 are from Manufacturer 1. Hearing aid 3 
and 4 are from Manufacturer 2. Three hearing aid manufacturers were invited to provide hearing 
aids for this study. Two of the three manufacturers provided aids while the third manufacturer 
requested that their aid be evaluated with the FM system designed for use with their hearing aids. 
Given that the Phonak MicroLink system is the most frequently used system in mainstream 
classrooms, the Phonak MicroLink and two manufacturers’ aids were used for this study. 
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The hearing aids were each programmed for four different hearing loss configurations 
including, mild, moderate, severe and sloping. Hearing thresholds for each hearing loss are 
shown below in Table 1. The sloping hearing loss used in this study was taken from a typical 
sloping hearing loss from the Handbook of Clinical Audiology (Harrell, 2002, p.83).  
Table 1 Hearing Thresholds 
 250 500 1000 1500 2000 3000 4000 6000 8000 
Mild 25 35 35  35 35 40 40 40 
Moderate 50 50 55  60 60 60 60 65 
Severe  80 75 80  75 80 80 80 80 
Sloping 20 15 25 40 70 95 NR NR NR  
 
The hearing aids were programmed to match target for the DSL [i/o] prescriptive target 
(Cornelisse, Seewald, & Jamieson, 1994). DSL (desired sensation level) is recommended for 
fittings with pediatric patients. DSL [i/o] is a loudness normalization prescriptive target that aims 
to make soft sounds audible, medium sounds comfortable and loud sounds, loud but not 
uncomfortable. DSL was designed to be used with pediatric populations and allows for the 
audiologist to enter the age of the child, type of transducer used to obtain the audiogram as well 
as hearing thresholds, and real-ear-to-coupler difference (RECD) measures (Seewald, Moodie, 
Scollie & Bagatto, 2005).  For this study the average RECD measures were used since measures 
were not made on patients.  
Electroacoustic Analysis 
 
The first stage of the study involved conducting an electroacoustic analysis on the various 
hearing aids coupled with the Phonak MicroLink system. Prior to any distortion measures, an 
ANSI 2003 measurement was made to ensure that each hearing aid was functioning according to 
manufacturer’s specifications. The distortion analysis was conducted using the harmonic 
distortion subtest on the Audioscan® Verifit. The harmonic distortion subtest measures the 2nd 
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and 3rd harmonics for inputs from 60 - 90 dB SPL (Audioscan, 2006). Distortion is displayed at 
1/3 octaves in graphical or tabular form. Measures were conducted for each of the hearing aid 
models at each of the FM channels offered by the manufacturer. Behind-the-ear (BTE) aids from 
two manufacturers, whose hearing aids are commonly used in the pediatric population, were 
tested. The gain and output of each hearing aid were adjusted for a flat hearing loss ranging from 
mild to severe. The gain and output of each hearing aid were also adjusted for a precipitously 
sloping hearing loss. Gain, output and distortion measures were obtained with the hearing aid 
alone for the various degrees of hearing loss. The same measures were repeated with hearing aid 
coupled to the FM system in the FM only and in the FM+EM setting. Each hearing aid was 
connected to the FM receiver using the appropriate audio shoe.  
Sinclair, Freeman and Riggs published an outline for electroacoustic analysis of FM 
systems coupled to hearing aids. They recommended a procedure that approximates the ANSI 
3.22-1976 standard for electroacoustic measures of hearing aids. They also recommended that 
THD levels should be used as a screening method with low distortion values passing the device, 
while high distortion should be seen as need to further evaluate equipment (Sinclair, Freeman, & 
Riggs, 1981). Electroacoustic analysis was performed using the following protocol which is 
based upon recommendations by the manufacturer (Phonak offset Protocol, 2006), as well as 
research by Auriemmo et al., 2005, Lewis, 2006, and Thibodeau & Saucedo, 1991. 
Transparent Fit 
The Phonak offset protocol describes the necessary steps to ensure a transparent FM fitting. 
The phrase transparency refers to a fit where the use of the FM system does not alter the 
frequency response of the hearing aid (Hostler, 2003). The following steps are used to assure 
transparency. Step one is to run a curve with 65 dB SPL into the transmitter microphone. This 
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measure is made with the FM receiver set to the manufacturer default of 10dB FM advantage. 
The hearing aids are then programmed and adjusted for the patient. Noise canceling and 
feedback manager should be turned off for these measures. Speech shaped noise is recommended 
for all measurements. When the aid is connected to the audio shoe and receiver, baseline 
measurements are made with the transmitter microphone turned off and the hearing aid in FM + 
EM mode. Next, measures are made with the FM microphone on, and the hearing aid 
microphone on, and the hearing aid outside of the test box. Phonak specifies that the offset 
should be ≥ 2 dB in order for FM advantage to be at the target value (Phonak, 2006). A 
transparent fit was ensured for all hearing aids tested in this study.  
1) Electroacoustic analysis was performed on each hearing aid alone set at low, mid, high 
and sloping gain settings. Each hearing aid was measured using the ANSI 2003 test on 
the Verifit to ensure that the aid met manufacturer specifications.   
2) The hearing aids were verified using speech mapping to ensure appropriate fit for each 
specific hearing loss.  Each hearing aid was also measured coupled with the FM system 
according to the Phonak protocol to ensure a transparent FM fitting. 
3) A multicurve was conducted at 50 dB SPL and 80 dB SPL to infer the presence of 
intermodulation distortion in each hearing aid by comparing the morphology of the two 
waves.   
4) To measure distortion the hearing aid was placed inside the test box with the microphone 
facing the right speaker according to Verifit protocol (Audioscan, 2006).  The distortion 
test measures 13 frequencies between 250-4000 Hz.  
5) After the levels of distortion were recorded for the hearing aid only condition the aid was 
connected with the appropriate audio shoe and FM receiver. The receiver was set at the 
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default 10 dB FM advantage and programmed appropriately for DPAI features of the 
hearing aid. Distortion was measured in the FM only position by placing the hearing aid 
outside the test box attached to the coupler according to Phonak Protocol, and Aurriemo 
et al, 2005.  The FM microphone was placed within 2 mm of the reference microphone.   
6) Distortion was also measured in the FM+EM setting, according to Phonak protocol.  The 
FM microphone was placed inside the test box within 2 mm of the reference microphone. 
The hearing aid was placed outside of the box on a foam pad with the environmental 
microphone turned on.   
7) Each measure was recorded twice to ensure reliability. The measures were made at each 
of the 27 channels available on the MicroLink FM system. These include channels 1, 2, 
4, 5, 8, 9, 12, 13, 16, 17, 18, 52, 55, 57, 60, 61, 62, 64, 65, 68, 69, 72, 73, 76, 77, 79, 80.  
Subjective Listening Test 
Two audiologists with normal hearing sensitivity and experience fitting FM systems were 
asked to listen to the four DSP hearing aids coupled to the FM system. The study by Bamford et 
al (2005) found similar reports of subjective levels of distortion when listening to the hearing aid 
attached to the DAI shoe as compared to those measured with the DAI leads. Given that most 
FM systems now only use DAI shoes without leads, the objective measures used in the Bamford 
study cannot be repeated clinically for hearing aids using DAI shoes.  
In order to eliminate the possibility of bias for a particular DSP hearing aid manufacturer, 
the listener was blinded to the particular DSP hearing aid/FM configuration by having the 
hearing aids attached to a stethoscope or personal earmold, and hidden from their view.  The 
audiologists were asked to listen to each of the four hearing aids at a mild gain setting at all 
channels offered by the FM manufacturer. The audiologists were seated in a single walled 
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audiometric test booth where the receiver of the FM system could be synchronized to the 
transmitter through the wall of the test booth.  The talker read from the Rainbow Passage 
(Fairbanks, 1960) for approximately 30-60 seconds, at a normal conversational level of 70 dB 
SPL measured by a C-weighted sound level meter. When the talker was reading from the 
passage, the audiologist assessed whether the signal was clear or not clear. If the audiologist 
rated the channel as clear, the talker moved on to the next channel. If the audiologist rated the 
signal as unclear, they filled out a subjective listening assessment form with questions regarding 
the quality of the signal. The questions from the assessment are listed in Appendix A.  The 
listening order was randomized to remove hearing make and channel bias.  
RESULTS 
Total Harmonic Distortion 
Hearing Aid only 
Hearing aids were analyzed using the ANSI S3.22 standard (Frye, 2005), then assessed for 
distortion using the distortion subtest on the Verifit, shown in Figure 1. All distortion levels for 
mild, moderate and severe hearing losses were within ANSI recommended levels for THD. The 
sloping hearing loss revealed slightly higher percentage of THD for Hearing Aid 1(11% @ 800 
Hz) and Hearing Aid 2 (13% @ 1000 Hz) but these were still within 3 % of the manufacturer 
guidelines. For Manufacturer 2, all levels were below the recommend 10% THD.  Figure 1 
displays the distortion subtest of the Verifit system for Hearing Aid 3. Along the abscissa are the 
frequencies where % THD is calculated for this subtest. 
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Percent THD is shown along the ordinate as 
Hearing Aid Coupled to FM system 
After the hearing aids alone were assessed for distortion, each hearing aid was connected to the 
appropriate audio shoe and measured coupled to the FM system. No significant differences were 
found based on the configuration of the audiogram with the exception of the sloping hearing loss. 
High levels of distortion were revealed for the sloping configuration in all hearing aids in the FM 
only and the FM+EM setting. The FM manufacturers suggested that this is due to the input 
signal used to measure distortion. Given the uncertainty of these measures, the sloping loss 
configuration was not used for the objective or subjective analyses. Since there were no 
differences across audiogram configurations, and the subjective test was conducted in the mild 
loss configuration, only the results of the mild configuration will be discussed in this paper.  
For the FM only setting, no THD levels were found to be greater than the recommended 10% for 
any of the hearing aids at any of the FM channels.  
FM + Environmental Microphone 
Total harmonic distortion levels that exceeded the recommended ANSI values were 
documented for the various hearing aids and transmitting frequencies evaluated. A two factor 
well as listed in tabular form to the right of 
the graph. Note that the levels are 0-1% in the 






Figure 1 Harmonic Distortion Subtest of the Audioscan 
Verifit system, Hearing Aid 3 
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analysis of variance (ANOVA) revealed a main effect for hearing aid (F=35.56, df=3, p=1.37e-






















26, p=1.52e-009). No significant interactions 
were found between hearing de s the main effect for hearing 
aid from the ANOVA. Hearing aids are listed along the abscissa and percent THD along the  
  
ordinate. The mean of each hearing aid was calculated across all channels. While none of the 
means were significant (>10%), figure 2 shows that the mean THD for Hearing Aid 3 is 
vice and channel. Figure 2 illustrate
Figure 2 Mean distortion averaged across channels 


















recommended values and others exceeding 10%. 
Figure 4 is a dot p issa, and each 
individual FM earing aids shown by the 
separate dot sym
s several channels. For 
%. It can be seen here that  10% for about half the tested 
l. 
The ratings given by each examiner were not significantly correlated with each other (.144, P-
iner. There were 
similar trend  
the rating sc
 were rated 
by both exam
 
antly less that Hearing Aid 1, 2 and 4. Figure 3 displays the mean THD for each 
frequency tested across the four hearing aids. The percent THD is shown along the ordinate an
the FM channels listed along the abscissa. This graph shows that the percentage THD varies 
across the channels for the four hearing aids tested with some channels within the ANSI 
channels, and below 10% for the remaining half of the channels. 
Subjective Assessment Results 
lot that displays percentage of THD on the absc
 channel tested on the ordinate for each of the four h
bols. Note that Hearing Aid 3 has THD values below 10% across all channels 
tested, while Hearing Aids 1 and 2 have distortion well above 10% acros
channels 4, 5, 12, 13 17, 18, 60, 64, 68, 76, 79 and 80 all hearing aids have THD values below 10 
Hearing Aid 4 has THD values above
Two examiners listened to each hearing aid at the mild gain setting at each FM channe
value =.2029); therefore, the analyses were conducted separately for each exam
s noted in the way several channels were rated by the examiners. First, Hearing Aid
3 was rated clear on all channels by Examiner 2. Examiner 1 rated only 5 of the channels for 
Hearing Aid 3 as unclear. Of the channels that were rated as unclear, they were all given a 9 on 
ale (1 being the lowest in clarity and 10 being the highest). Channel 61 was the only 
channel rated as clear by both examiners across all hearing aids. None of the channels
iners as distorted across all the hearing aids. 
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Figure 4 Dot plot with FM channel along the ordinate and % THD along the abscissa, hearing aids are noted 





Hearing Aid 1 
distortion. Examiner 2 rated 33.3% of the channels clear. The examiners both determined that 
channels 18, 61, 64, 77, 79, and 80 were clear. Both examiners rated 2, 8, 9, 12, 68, and 69 as 
unclear. The examiners assigned the same clarity rating for 44.4% of the channels for Hearing 
Aid 1.  
Hearing Aid 2 
Examiner 1 rated 70.3% of channels for Hearing Aid 2 as clear, examiner 2 rated 62.9% 
of the channels as clear. Hearing Aid 2 was rated as clear by both examiners for channels 1, 4, 5, 
8, 9, 18, 52, 57, 60, 61, 62, 64, 65, and 80. Both examiners reported that the following channels 
were not clear; 2, 13, 17, 72. The examiners were in agreement for 74.1% of the channels rated 
for Hearing Aid 2.  
Hearing Aid 3 
Hearing Aid 3 was rated as clear for 81.5% of channels by Examiner 1. Examiner 2 rated 
100% of the channels as clear for this hearing aid. The examiners were in agreement for 81.5% 
of the channels.  
Hearing Aid 4 
Examiner 1 rated Hearing Aid 4 as clear for 66.6% of the channels. Examiner 2 rated 
Hearing Aid 4 as clear for 48.2% of the channels. Both examiners rated channels 1, 2, 4, 8, 52, 
61, 76, 80 as clear, and channels 55, 62, 77, 79 as distorted. . The examiners were in agreement 
on 44.4% of the channels. 
 
 
For Hearing Aid 1, Examiner 1 rated 66.6 % of the channels as clear, or free from 
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Table 2 Examiner response to the question, “Is the signal clear” 

















No Yes Yes Yes Yes Yes Yes Yes1 
2 No No No No Yes Yes Yes Yes
4 Yes No Yes Yes No Yes Yes Yes
5 Yes No Yes Yes No Yes Yes No
8 No No Yes Yes Yes Yes Yes Yes
9 No No Yes Yes Yes Yes No Yes
12 No No No Yes No Yes No Yes
13 Yes No No No No Yes Yes No
16 Yes No No Yes Yes Yes Yes No
Yes No 17 No No Yes Yes No Yes
18 Yes Yes Yes Yes Yes Yes Yes No
52 Yes No Yes Yes Yes Yes Yes Yes
55 Yes No Yes No Yes Yes No No
Yes No Yes Yes Yes Yes No Yes57 
60 Yes No Yes Yes Yes Yes Yes No
61 Yes Yes Yes Yes Yes Yes Yes Yes
62 Yes No Yes Yes Yes Yes No No
64 Yes Yes Yes Yes Yes Yes Yes No
65 No Yes Yes Yes Yes Yes Yes No
68 No No Yes No Yes Yes Yes No
69 No No Yes No Yes Yes Yes No
72 Yes No No No Yes Yes Yes No
73 No Yes Yes No Yes Yes No Yes
76 Yes No No Yes Yes Yes Yes Yes
77 Yes Yes Yes No Yes Yes No No
79 Yes Yes No No Yes Yes No No
80 Yes Yes Yes Yes No Yes Yes Yes
 
ppendix A displays the questions on the subjective assessment. Responses to 
question 1 of the assessment, “is the signal clea
in Tabl
When a channel was rated as unclear, the examiner filled out a subjective questionnaire 
for that channel. A
r” are displayed in Table 2. Yellow highlighting 
e 2 indicates a channel that was rated as clear by both examiners. Blue highlighting 
indicates that the channel was rated as distorted by both examiners. Table 3 displays the rating 
assigned to each hearing aid by Examiner 1 and 2. Examiners rated the signal from 1 – not clear 




Table 3 Results of Examiner rating of 1 – 10  
 Hearing Aid 1 Hearing Aid 2 Hearing Aid 3 Hearing Aid 4 
 Examiner aminer Examiner 
1 2 
Examiner Examiner Examiner Examiner Examiner Ex
1 2  1 2 1 2 
1 1 10 10 10 10 10 8 4 0 
2  10 10 10 10 8 4 9 4
4 10 4 10 10 9 10 10 10 
5 10 4 10 10 9 10 10 4
8 8 4 10 10 10 10 10 10 
9 8 4 10 10 10 0 9 10 1
12 5 4 9 10 9 10 9 10 
13 10 4 9 3 9 10 10 5
16 10 4 9 10 10 0 0 51 1
17 10 4 9 5 10 10 9 10 
18 10 10 10 10 10 0 0 41 1
52 10 4 10 10 10 10 10 10 
55 10 4 10 6 10 10 9 5
57 10 4 10 10 10 0 9 10 1
60 10 4 10 10 10 0 0 51 1
61 10 10 10 10 10 10 10 10 
62 10 3 10 10 10 0 9 41
64 10 10 10 10 10 0 0 51 1
65 5 10 10 10 10 0 0 31 1
68 5 5 10 7 10 0 0 41 1
69 8 6 10 5 10 0 0 41 1
72 10 5 9 5 10 10 10 4
73 5 10 10 4 10 0 9 10 1
76 10 4 9 10 10 10 10 10 
77 10 10 10 6 10 0 9 41
79 10 10 9 6 10 10 9 5
80 10 10 10 10 9 10 10 10 
 
Tables 4 show the types of noises described by Examiners 1 and 2 for each channel and hearing 
aid. 
Table 4 Examiner responses to subjective assessment – Description of noises on unclear channels 
 HA 1 HA 2 HA 3 HA 4 
 Examiner 
1 











1 Hissing Clear Clear Clear Clear Clear Clear Clear 
2 Hissing Static/Hissing Popping Modulation Clear  Clear Clear Clear 
4 Clear Static  Clear Clear Popping Clear Clear Clear 
5 Clear Static Clear Clear Popping Clear Clear Hissing 
8 Hissing Static Clear Clear Clear Clear Clear Clear 
9 Hissing Static Clear Clear Clear Clear Hissing Clear 
12 Hissing Static Popping Clear Popping Clear Hissing Clear 
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13 Clear Static Popping Intermittent Popping Clear Clear Static 
16 Clear Static Popping Clear Clear Clear Clear Hissing 
17 Clear Static 
c 
ar Hissing Clear Popping Radio Clear Cle
Stati
18 Clea C  r Clear lear Clear Clear Clear Clear Hissing
52 Clea Static Clear r lear Clear Clear Clear r Clea C
55 r Static Clear Hissing Clear Clea Hiss Static  Clea r ing 
57 r Static Clear Clear Clear Clea Hiss Cle Clea r ing ar 
60 r ic Clear Clear Clear Clea Clea His   Clea Stat r r sing
61 r r Clear Clear Clear Clea Clea Clea Clea Clea r r r 
62 r Static Clear Clear Clear Clea Hiss His   Clea r ing sing
64 r Clear Clear Clear Clear Clea Clea His   Clea r r sing
65 sing Clear Clear Clear Clear Clea Clea His   His r r sing
68 g rference Clear Static Clear Clea Clea Interference Hissin Inte r r 
69 g rference Clear Static Clear Clea Clea Hiss Hissin Inte r r ing 
72 r rference Popping Hissing Clear Clea Clea His   Clea Inte r r sing
73 sing r Clear Hissing Clear Clea Hiss Clea His Clea r ing r 
76 r Static Popping Clear Clear Clea Clea Cle Clea r r ar 
77 r r Clear Hissing Clear Clea Hissi Hiss Clea Clea r ng ing 
79 r r Popping Hissing Clear Clea Hissi Interference Clea Clea r ng 
80 r Clear Clear Clear Clear Clea Clea Clea Clea  r r r 
 
Resp es to S ective L ening Q tionna
Examine ated the stortion  Hearing id 1 as ssing n  for all nels 
where distortion was present. Examiner 1 also rep d that istortio  all cha ls for 
Hearing Aid 1 as not bothersome, and intermittent. Distortio as rated softer th  
gnal for channels 1, 2, 8, 9, and 69. Distortion was rated as softer or equal to the speech signal 
rsome or somewhat bothersome. For Hearing Aid 1, Examiner 2 rated all distorted channels 
ith t
othe ign n  to h e  
channels for Hearing Aid 1:  2, 4, 8, 9 12, 52, 60, 62, 72. Examiner 2 assigned the rating of softer 
t  ech to the fo g cha for hea : 6, 17 8, 69
ons ubj ist ues ire 
Hearing Aid 1 
r 1 r  di for  A a hi oise chan
orte the d n in nne
n w  as an the speech
si
for channels 12, 65, and 68. Examiner 2 rated all distorted channels across all hearing aids as 
bothe
w he exception of channel 69 as bothersome. Channel 69 was described as somewhat 
b rsome. Examiner 2 ass ed the rati g of equal  the speec signal to th  following
han the spe signal llowin nnels ring aid 1 5, 13, 1 , 57, 6 , 76. 
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E m po at the fo g ch
5 8, a Channel  w s constant, but fluctuating in level.  
H  Aid 
mine ed the di n for g Aid  popp und t urred
n ives channels  dist as p  Exam  also  th
o as not bothersome,  than eech s nd in ent fo anne
e ion sent for ng A
ear xa 2 rat nels 2 7, 55 3 and bothe
n  69 e r m othe  Exam  assi e rat
a pe nal to th g s:  1 9, and 72. Channels 2, 55, 6
 7  rate fter than ch nd c l 73 w cribe tua
vel. Examiner 2 reported that channels 17, 72 and 77 had a constant distortion noise. Channels 
2, 55 and 73 were desc  68, 69, and 79 were 




xa iner 2 re rted th llowin annels had constant distortion: 2, 4, 5, 8, 9, 12, 13, 16, 
17, 2, 62, 6 nd 76.  4 and 72 ere rated a
earing 2 
Exa r 1 rat stortio  Hearin  2 as a ing so hat occ  
duri g plos for all  where ortion w resent. iner 1  reported at all 
dist rtion w  softer  the sp ignal a termitt r all ch ls 
wer  distort was pre  Heari id 2.  
For H ing Aid 2, E miner ed chan , 13, 1 , 72, 7  77 as rsome. 
Cha nels 68, , and 79 wer ated as so ewhat b rsome. iner 2 gned th ing of 
equ l to the s ech sig e followin  channel 3, 17, 6 8, 77 
and 9 were d as so  the spee  signal a hanne as des d as fluc ting in 
le
ribed as constant with fluctuating level. Channels 12,
Hearing Aid 3 
Examiner 1 rated the distortion for Hearing Aid 2 as a popping sound for all channels
distortion was present. Examiner 1 also reported that all distortion was not bothersome, softer 
than the speech signal and intermittent for all channels were distortion was present  
Examiner 2 rated all channels for Hearing Aid 3 as clear; therefore, no further questions on the
assessment were completed.  
Hearing Aid 4 
Examiner 1 rated the distortion for Hearing Aid 4 as a hissing sound that occurred i
channels distortion was present. Examiner 1 also reported that all distortion was not bothersome, 
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softer than the speech signal, and constant when the signal was on, for all channels were 
distortion was present. 
Examiner 2 rated channels all distorted channels as bothersome. Examiner 2 assigned the 
rating of equal to the speech signal to the following channels: 5, 13, 16, 18, 55, 60, 64, 69, 77 
and 79  
entage of THD varied across the four hearing aid models and across 




he overall findings are similar in that distortion levels are 
increased when a DSP hearing aid is coup  system and the values vary across 
channels. It is unclear as to why one hearing aid had significantly lower levels of distortion than 
. Channels 62, 65, 68, and 72 were rated as louder than the speech signal. Examiner 2
reported that channels 5, 13, 60, 62, 65 and 69 had a constant distortion noise. Channels 16, 18, 
68, 72, 77 and 79 were described as constant with fluctuating level. Channels 55 and 64 were 
described as intermittent.  
Examiner 1’s ratings were not correlated with the objective % THD (.092, P-value = 
.3431). Examiner 2’s ratings significantly correlated with the % harmonic distortion measures 
(.256, P-value = .0073). 
DISCUSSION 
The purpose of this study was to examine the THD in four DSP hearing aids across 
varying hearing aid models, gain settings, and FM channels. The results of this study 
demonstrated that the perc
ge distortion measured across all channels w
antly lower for Hearing Aid 3 than all other models. In addition, the mean THD measu
across all four hearing aids varied significantly across the 27 channels tested. However, there 
were no specific hearing aid and channel combinations that produced greater distorti
compared to others. While the objective measures used in this study are different than those use
in the Bamford (2005) study, t





 THD. The results show that distortion can vary across aids and that no 
one hea
rs 
M system. Examiner 2 rated distortion in a way that correlated with 
high le ld 
smitting signal strength that might occur throughout the day. It should 
be noted however, that the subjective list s performed at approximately the same 





er three. It does not seem to be related to gain or output characteristics, as this was the 
case for all configurations, with the exception of the sloping configuration. In addition, it does 
not appear to be related to manufacturer as the other hearing aid model with this manufac
showed higher levels of
ring aid model is superior to the other.  
The subjective results of this study revealed that 1) subjective measures vary across rate
2) subjective measures are not necessarily related to objective measures. This is not entirely 
unanticipated as the two outcome measures may be measuring different types of distortion.  
Based on the results of this study, objective or subjective measures alone are not sufficient for 
checking the status of an F
vels of objective total harmonic distortion. However, there are many variables that cou
affect sound quality in the hearing aid and FM system. It could be argued that FM interference 
might vary based on tran
ening testing wa
 day for each examiner. In addition, both listeners were seated in a single walled audi
booth. The variability could be explained based on experience with FM systems. Whil
examiners have experience with fitting FM systems, Examiner 1 has more experience 
troubleshooting FM equipment on a daily basis in mainstream classrooms and may theref
more lenient in requirements for a clear signal than Examiner 2. 
These results highlight the fact that FM equipment should be thoroughly checked by a 
parent, teacher, or audiologist before a student uses the FM system. While there are no standard
for FM system performance analysis, the reader may refer to the ASHA ad Hoc committee 
guidelines (ASHA, 2002), Phonak offset Protocol (Phonak, 2006) and Lewis, (2006), for
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recommendations. ASHA recommends that a daily listening check is performed by someone 
who has appropriate training by an audiologist (ASHA, 2002). ASHA also recommends that 
since there are currently no ANSI standards for measurement of FM systems, the audiologist 
should refer to those standards set up by the manufacturer for electroacoustic analysis. Analysis
should be performed at least once a year, and more often for young children. This will provide 
baseline measure to be used in the case of troubleshooting.  
Since variability was found between exa
 
a 






s in the 
nt failures. These results are 
limited
es in order to quantify any change in the electroacoustic performance of the hearing aid or 
FM system. Hearing Aid 3 revealed lower than 10 % THD for all channels tested. Examiner 
whose ratings were correlated with the % THD also rated all channels for this hearing aid as 
clear. Examiner 1 rated 5 of the channels as distorted; however, noises were described as softer
than the speech signal, and not bothersome. Based on these results Hearing Aid 3 would be 
recommended for use with this FM system on any channel. Channels that were consistently 
higher for THD were not always rated as the noisiest channels; however, clinicians making thei
own measurements may want to consider using channels that show the lowest levels of measure
distortion.  
Further research is needed to determine which channels are best for each hearing aid. 
Most importantly, there are channels with high levels of subjective distortion; therefore someone 
with normal hearing should monitor the system in order to remain aware of any change
signal. This is particularly important for younger children who may not have the language skills 
to report distortion in the signal, or other interference or equipme
 because they are based off on hearing aids coupled to one FM system. If the same 
hearing aids are used with a different FM system, results may differ from those found in this 
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study. At this time Phonak is the most widely used FM system in the classroom. However, a
new FM systems enter the market, subjective listening checks and electroacoustic analysis
should be performed to ensure a clear signal.  
Caution must also be taken to assure that the distortion measures conducted on the 
FM/hearing aid system are done appropriately. The Verifit User manual suggests that there are
several reasons that high distortion levels could occur when performing electroacoustic analysis. 
Caution was taken to avoid these errors and keep distortion as low as possible. The manual 









nd detaching the audio shoe. However, this only allows for that hearing aid to be 
couple  
ld be checked for cracks. The integrity of the tubing connecting the HA-2 coupler to the 
hearing aid was carefully examined before all measures were made. The Verifit manual also 
suggests that ambient noise levels should be controlled during electroacoustic measures 
(Audioscan Verifit, 2006). This is not a concern because the THD levels for the hearing aid a
condition were all within ANSI recommended levels.  
Hostler, 2005, reported that intermittency and poor FM reception are likely when the
shoe connection is not robust (Hostler, 2005). During data collection for this study, a new au
shoe was ordered to replace an intermittent audio shoe for Manufacturer 1. Some manufacturers 
have integrated their FM audio shoes into the hearing aid, which decreases equipment damage by 
connecting a
d to the type of FM system provided by the same manufacturer. This could also lead to
added expenses if a child moves from one school district to another where a different type of FM 
system is used. Clinician reports also demonstrate that FM equipment is often in need of repair 
which can be costly and take away the advantage provided to the student by not having an FM 
system available.  
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The hearing aids used from Manufacturer 1 required a change in the standard batter
in order to couple the hearing aids to the audio shoe. The battery door for one hearing aid was
not working and could not be used during testing.  In 1991, Thibodeau and Saucedo stated that
the potential for equipment failure or malfunction increases with the use of an FM system si










d teacher, to ensure that students are 
receivi
 
 conclusions can be made from this study based on the need to reorder and change p
based on equipment failure. One advantage to using hearing aids from Manufacturer 2 is that the 
battery door for the hearing aid remains the same even when the audio shoe is attached. The 
audio shoe is also similar in design to the cables used for NOAH which will make the dispen
audiologist more familiar with the equipment.  
CONCLUSION 
While it is important to continue to ensure that FM systems do not change the frequen
response or gain of a hearing aid, it is also important to ensure a clear signal to the listene
clinical tool for measuring distortion is needed as well as standards for the measurement. 
Listening checks should be performed daily, by a traine
ng a clear signal, particularly when working with younger children who may not be able 
to report interference as accurately.  
Further research should be conducted with patients who have varying levels of hearing 
loss to determine if distortion levels are audible to patients with hearing loss, and if the levels 
vary based on the configuration of their hearing loss. While adults may be able to ignore a low
level of interference, this may not be the case for young children, who do not have the same 
tolerance for interference and perform poorly in noisy situations.   
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FM systems used with Cochlear implants is another area for future research. Clinical 







ends certain channels be used for implant patients as to not interfere with the radio 
frequency of the device. The sound quality of an implant cannot be measured in a test box. This
makes patient reports on the perceived clarity of the speech signal even more important. 
Research can be conducted with adult implant patients in order to receive reliable reports of 
distortion or degradation of the FM signal. This study began to examine the issue of clarity of t
FM signal provided to the listener. Continued research is needed to determined the best method 
of guaranteeing that not only an advantageous SNR is provided with FM use, but also speech 














Subjective Listening Assessment 
 
 
2) Do you hear any unwanted noises? 
 
3) What type of noise do you hear? 
 
4) Does this noise bother you? 
 
5) Is the noise louder or softer than my voice 
6) Is the noise intermittent or constant?  
7) Rate the quality of the speech signal from 1 – 10.   
1 2 3 4 5 6 7 8 9 10 
 
























Hearing Aid 1 and Hearing Aid 2 
 FM + Mic 
Mean % 
THD FM + Mic 
Mean % 
THD 
HA 1 500 800 1600   0   
Ch1 3 4 18 18  17 16 
 3 5 17 17   4 5 15 15  
Ch2 17 Ch2 4 4 16 16 15 
   4 5 14 14  
Ch4 1 1 4 4 4 Ch4 1 1 4 4 4 
  1 1 3 3  
Ch5 1 1 4 4 4 Ch5 1 1 3 3 3 
  1 1 3 3  
Ch8 3 5 18 18 18 Ch8 4 3 16 16 17 
   4 4 17 17  
Ch9 3 5 17 17 17 Ch9 4 4 13 13 14.5 
 4 4 16 16  
Ch12 1 1 4 4 4 Ch12 1 1 3 3 4 
  1 1 4 4  
Ch13 Ch13 1 1 3 3 3 
 1 3 3  
Ch 4 14 14 15 
 
Ch17 
  4 4 3 
Ch18  4 4 4 h18 4 
 1 1 4 4   1 1 4 4  
Ch52 3 4 16 16 17 Ch52 4 4 15 15 16 
 3 4 17 17   4 5 16 16  
Ch55 3 6 14 14 15 Ch55 3 3 14 14 15 
3 5 16 16   4 4 15 15  
Ch57 3 3 11 11 13.5 Ch5 3 4 16 16 15 
 3 4 16 16   3 5 13 13  
Ch60 1 1 4 4 4 Ch6 1 1 4 4 4 
 1 1 4 4   1 1 4 4  
Ch61 3 2 13 13 14 Ch6 4 4 15 15 16 
 3 4 15 15   4 4 16 16  
Ch62 3 4 16 16 16 Ch62 5 4 13 13 13 
 3 4 16 16   3 5 13 13  
Ch64 1 1 5 5 5 Ch64 1 1 3 3 4 
 1 1 4 4   1 1 4 4  
Ch65 3 5 13 13 12 Ch65 3 4 15 15 16 
 3 4 10 10   4 4 16 16  
Ch68 1 1 4 4 4 Ch6 1 1 4 4 4 
 1 1 4 4   1 1 4 4  
Ch69 3 4 14 14 15 Ch6 3 5 14 14 14 
 3 5 16 16   4 4 14 14  
Ch72 3 5 17 17 17 Ch7 3 5 15 15 15 
 3 4 17 17   3 5 14 14  
Ch73 4 3 15 15 15 Ch7 4 4 16 16 15 
 3 5 15 15   4 5 14 14  
 
HA 2 500 800 160
17.5 Ch1 4 5 17
3 5 16 16 
1 4 17 17 
 
1 1 4 4  
1 1 4 4  
3 5 17 17 
3 4 17 17   
1 1 4 4  
 1 1 4 4 5 
1 1 5 5   1 
16 3 4 16 16 16 Ch16 4 
4 4 16 16   4 5 15 15  
1 1 4 4 4 Ch17 1 1 4 4 4 
1 1   1 1 3  











Ch76 1 1 4 4 4 Ch76 1 1 4 4 4 
 1 1 4 4   1 1 3 3  
Ch77 3 4 17 17 15.5 Ch77 3 3 14 14 14 
 3 3 14 14   3 4 13 13  
Ch79 1 1 5 5 5 1 3 3 4 
 1 1 5 5  1 4 4  
Ch80 1 1 5 5 5 Ch80 1 1 4 4 4 
 1 2 4 4  4  
 
He  Aid  and H in
F + M
Mean % 
THD F + M
Mea
THD 

















  1 1 4
aring  3 ear g Aid 4 
 M ic   M ic  
n   %
HA 3 1600   HA 4 00 00  
Ch1 
 




6 6 11 11
3 2 3 3 10 10 10 10  
Ch2 
 




7 9 9 9 
3 2 3 3 9 2 9 12  
Ch4 
 




2 2 5 5 5 
3 1 2 3 2 1 4 4  
Ch5 
 




2 2 4 4 4 
3 2 3 3 2 2 4 4  
Ch8 
 




7 0 10 10
2 2 3 3 11 9 8 11  
Ch9 
 




6 6 12 12
3 3 3 3 10 14 9 14  
Ch12 
 




2 2 4 4 4 
2 1 2 2 2 3 4 4  
Ch13 
 




2 1 4 4 4 
4 1 2 4 2 2 4 4  
Ch16 
 




6 1 9 11
2 1 4 4 11 15 9 15  
Ch17 
 




2 1 4 4 4 
3 1 2 3 2 2 3 3  
Ch18 
 




1 1 3 3 3 
2 2 2 2 2 3 3 3  
Ch52 
 




6 9 7 9 
3 2 2 3 8 8 8 18  
Ch55 
 




8 2 8 12
2 2 3 2 9 0 7 10  
Ch57 
 




5 6 8 8 9 
2 1 2 2 7 0 7 10  
Ch60 
 




1 1 4 4 4 
2 2 3 2 2 2 4 4  
Ch61 
 




6 7 7 7 9 
1 1 3 3 8 1 7 11  
Ch62 
 




5 8 6 8 11 
 4 2 2 4 9 4 7 14
Ch64 
 




2 1 4 4 4 
3 1 2 3 2 1 3 3  
Ch65 
 




6 8 6 8 11 









h77 2 h77 11 
1
h79 2 h79
3 1 2 3   2 2 3 3  
Ch80 2 2 2 2 2 Ch80 2 1 3 3 3 










2 1 2 2 C 2 1 3 3 4 
 2 1 2 2   2 2 4 4  
C 2 2 3 3 C 5 8 5 8 8 
 1 1 3 3   7 6 6 7  
C 2 2 2 2 C 6 8 6 8 
 2 1 2 2   11 16 7 16  
C 1 2 2 2 C 6 8 7 8 9 
 2 1 2 2   8 0 6 10  
C 2 1 2 2 C 2 1 3 3 3 
 3 1 3 3   2 1 3 3  
C 2 2 2 2 C 4 9 7 9 
 1 1 2 2   8 3 6 13  
C 2 1 2 2 C 1 1 4 4 4 
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